Polyamine uptake, the kinetics of this uptake, and the competition among polyamines and between polyamines and inorganic cations were studied in petals of Saintpamlia ionantha Wendl. Uptake experiments using '4C-labeled polyamines were carried out on single petals, at room temperaure (20°C) and in the light. The results show that putrescine, spermidine, and spermine uptake was dependent on the external pH and occurred up to high external polyamine concentrations with K,. values of 8.6, 1.2, and 2.1 millimolar, respectively, with spermidine being the most absorbed at low concentration (17 micromolar). Putrescine and spermidine did not seem to compete for the same site ofabsorption. Furthermore, putrescine and spermidine uptake was not inhibited by Ca2+, Mg2+, and K+ at the same concentrations (17 micromolar), whereas 1.7 millimolar Ca2+ inhibited and K+ enhanced spermidine uptake. The intracellular localization of the absorbed putrescine was determined using two different methods. Very little label was found in the apoplast, while most of it was localized in the 98,500g supernatant. According to our data the vacuole, which represents a substantial part of Saintpaulia parenchyma cells, could be a site of putrescine accumulation. 2,4-Dinitrophenol and diethylstilbestrol did not inhibit uptake; however, at 0°C there was a 35% inhibition of spermidine uptake, compared with the controls kept at 20°C as well as a 68% inhibition with 20 millimolar NaSCN.
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In previous work (3) putrescine uptake and the kinetics of this uptake were studied in petals ofSaintpaulia ionantha which have the advantage, with respect to other plant systems (4) , of having a thin epidermis without cuticle and waxes, thus favoring a rapid uptake. The results showed that putrescine uptake occurred against a concentration gradient at low external putrescine concentration (0.5-100 ;tM) and followed a concentration gradient at higher external putrescine concentrations (100 ,M to 100 mM).
In addition it was shown that putrescine uptake was dependent on the external pH and two maxima, at pH 5 to 5.5 and at pH 8, were observed.
At present, there is increasing interest in the relationship between ion transport and the effect of plant growth substances and in the influence that polyamine binding to phospholipids can exert on membrane fluidity and on the activity of enzymes associated with membranes (8) . Because nothing was known about the mechanism of polyamine uptake and transport in higher plants except for the data reported in our previous papers (1, 3) , we have further investigated putrescine uptake in connection with the uptake of different cations and its localization ' Supported by Consiglio Nazionale delle Ricerche, Italy, special grant I.P.R.A.-Sub-project 1.4, Paper No. 710.
within the cell, a topic only touched upon in the previous paper (3) . In addition, spermidine and spermine uptake, the effects of the external concentration, pH, and metabolic inhibitors were also investigated. spermine (4.4 GBq/mmol) in 100 zd of distilled H20 at the pH value ranging from 4 to 11.5, as indicated in the tables and figures. Unless otherwise indicated, the Ca2+ content in distilled H20 was 1 pM as determined by atomic absorption. At the end ofthe incubation time, the petals were washed several times with H20 containing unlabeled polyamine. They were then ground in a mortar in 2 ml 0.1 N HCI and centrifuged for 10 min at 3000g in a Sorvall Superspeed Centrifuge (rotor SS 34). After centrifugation, 0.1 ml of the supernatant was mixed with 4 ml of scintillation fluid and radioactivity was determined in a Beckman scintillation counter with automatic quench compensation. The radioactivity in the pellet after 300Og centrifugation ranged between 4 and 8% of total radioactivity according to the time course of the uptake experiment and was not considered in later experiments.
MATERIALS AND METHODS
Determination of Radioactivity in the Apoplast. (6) . Petals exposed to putrescine as in the above-cited experiment were ground in a mortar in 6 ml of 1 mm Na phosphate-citrate buffer at pH 5 Spermine (37 kBq in 100 AI) was mixed with 5 ml of H20 and 5 ml of n-butanol, both brought to pH values between 4.5 and 11.5 with dilute HCI or NaOH. The mixtures were vigorously shaken for 10 min. After complete separation of the two phases, the radioactivity was measured by placing 0.1 ml of each phase and of the interface in scintillation fluid. A similar experiment was performed with n-hexane instead of n-butanol, but in this case only the pH of the water was adjusted.
RESULTS
General Properties of Polyamine Uptake. An initial experiment showed that 17 AM putrescine, spermidine, or spermine were all absorbed in Saintpaulia petals with a rate of uptake of 6.7 ± 1.3, 13.9 ± 0.4, and 10.4 ± 1.6 nmol/g fresh weight/h, respectively. The rate of spermidine uptake from the upper surface, determined every 10 to 20 min, was constant for 1 h, showing a decrease at 2 h. Like putrescine (3), the spermidine absorbed was also metabolized to spermine (2% of labeled polyamine uptake) and partly (6%) was degraded to 1,3-diaminopropane as shown for other plants (13) .
As with putrescine (3), spermidine and spermine uptake depended on the external pH. Spermidine uptake at low external concentration showed a maximum at pH 8, but there was a fair amount of uptake at acidic pH values too with the exception of pH 5 (Fig. 1) ; at high external concentration the maximum was at pH 4.5 with a peak at pH 8 (Fig. 2) . Spermine uptake at low external concentration had an optimum at pH 4.5 with the characteristic peak at pH 8 ( Fig. 1) .
The effect of concentration on spermidine and spermine uptake is shown in Figures 3 and 4 Figure 3 . Each point represents the mean ± SD of at least three different experiments, each of them performed with five samples. label) was localized in the 98,500g supernatant (Table III) (3) . To date, the methods applied to study the subcellular distribution of putrescine (3, 7) have not allowed us to distinguish between the soluble fraction and the vacuole. However, since the vacuole represents a great part of Saintpaulia parenchyma cells (over 80%) (4), we are confident that the putrescine is localized in the vacuole. Goldberg and Pedrizet (7) in mung bean hypocotyl cells found that most of the free endogenous putrescine was located in the protoplasm and was not bound to cell walls.
Factors Influencing Putrescine Transport. The driving forces for polyamine uptake are not clearly indentified. Previously, putrescine uptake was shown to be not inhibited by uncoupler factors (3) . Similarly, spermidine uptake was not affected by 2,4-dinitrophenol added at various concentrations (0.1, 0.5, and 1 mM) to the incubation medium without or with 0.5 mm CaC12 at pH 4.5 or 8 containing 17 ,uM spermidine, so that a H+ gradient seemed not to be necessary for uptake to occur (Table IV) . The same effect was noted when polyamine uptake was determined after petals had been preincubated for 1 h with 2,4-dinitrophenol and then washed. On the contrary, ['4C]arginine uptake in Saintpaulia petals was markedly affected by 1 mM 2,4-dinitrophenol in the presence and in the absence of Ca2" in the incubation medium (Table IV) . The lower arginine uptake respect to the spermidine uptake may be related to internal arginine pool.
Nevertheless, in other plant systems such as carrot cells cultured in vitro, 2,4-dinitrophenol inhibited putrescine uptake (2) and this is in agreement with previous results obtained with Escherichia coli (16) . Inhibitors of oxidative phosphorylation were recently shown to inhibit polyamine uptake in plant protoplasts (9) and human platelets (1 1). Diethylstilbestrol (0.1 mM), a proton pump inhibitor, at pH 5 also had no effect on spermidine uptake in Saintpaulia petals.
Possible evidence for an energy requirement in polyamine uptake by Saintpaulia petals was obtained from experiments performed at 0°C in which the uptake ofspermidine was inhibited by 35.3% with respect to the control kept at 20C. This low temperature inhibition of putrescine uptake has been observed in E. coli (16) and in platelets (1 1), and it has been attributed to an energy requirement. Alternatively it could be due to the altered functions of membrane transport proteins caused by freeze injury.
An energy-dependent mechanism for polyamine uptake was also shown by experiments in which 20 mM NaSCN was supplied with 17 jAM spermidine to Saintpaulia petals. In platelets (11) this concentration was seen to enhance putrescine uptake, but in our system it resulted in a 68% inhibition of spermidine uptake, while lower concentrations (below 10 mM) had no significant effect.
DISCUSSION
Although the parenchyma cell of Saintpaulia petals is mature and differentiated, it still has the ability to absorb polyamines. Our data on the rate of spermidine uptake were in agreement with those observed in tobacco and cowpea leaf tissue (9) in which spermidine uptake was rapid, reaching a maximum within 1 h. However, in cowpea protoplasts there was a lag period of 20 h before the onset of rapid spermidine uptake. Spermidine in Saintpaulia petals seemed to be the most readily absorbed of the three polyamines; the Km value was lower for spermidine than for putrescine and spermine, while putrescine showed a higher Vm. value (3).
Based on the endogenous polyamine content previously determined and on the procedure utilized to calculate the intracellular (Figs. 3 and 4) . With regard to the intracellular localization of the labeled putrescine absorbed, our results showed that most of the label was localized in the 98,500g supernatant while very little label was found in the apoplast, which, in Saintpaulia parenchyma cells, corresponds to the cell walls and very small intercellular spaces (4) . As the vacuole (4) represents a substantial part of Saintpaulia parenchyma cells, it could be considered as a site of putrescine accumulation.
The biphasic effect of pH in polyamine absorption cannot be completely explained by the pK values since even at pH 8 most of the polyamine is protonated. In particular, in the case of putrescine nine-tenths ofthe amino groups are protonated at pH 8. To understand this pH effect, experiments were performed to ['4C]Spermine (37 kBq in 100 Ml) was mixed with 10 ml of H20-butanol mixture and then shaken for 10 min (0, water; * n-butanol; E, interface). determine the partitioning of spermine in relation to its protonation in a nonbiological system such as H20-butanol. At acidic pH values, we found little radioactivity in both the H20 and butanol phase (Fig. 6) ; most of the label was localized in the interface between the two phases. At basic pH values most of the polyamine was found in the butanol, but a considerable fraction was also present in H20. The results obtained with the partitioning of spermine in H20-butanol showed that the interface is a site of polyamine concentration at the most acidic pH values. This could be due to the fact that the positive charges of the protonated polyamine normally interact with butanol via hydrogen bonds (5) ; in the interface the presence of H20 facilitates this interaction. The need for a hydrogen bond interaction between the hydroxyl group of the alcohol and the protonated amino group of the polyamine was also confirmed by a similar experiment performed with a hydrocarbon such as n-hexane instead of butanol. In this case no label was found in the solvent. The behavior of spermine in the H20-butanol system suggests that in biological systems, at least at acidic pH values, the interface between aqueous solutions and the membrane represents a concentration site for polyamines. These can interact with the polar groups of the phospholipids and thus facilitate the uptake mechanism. The peak in polyamine uptake observed at basic pH values could be correlated to the pH optimum of tonoplast ATPase (10) . The low amount of label found in the membrane fraction of Saintpaulia petals (Table III) could be due to a possible exchange of the polyamine with the Na+ buffer solution during fractionation.
Competition experiments between different polyamines and between polyamines and inorganic cations such as Mg2" and Ca2" suggest that, in Saintpaulia petals, the latter compounds utilize different channels for transport. In human platelets (1 1) putrescine uptake is not inhibited by Ca2" and ohily slightly by spermidine and spermine at a concentration 100-fold higher than that of putrescine. In human fibroblasts (12) high concentrations of Ca2" and Mg2" increase the rate of putrescine transport at the same concentration. Furthermore the rate of putrescine uptake in E. coli (16) and in Aspergillus nidulans (15) is not inhibited by spermidine and spermine, while spermidine uptake is inhibited by putrescine. In Saintpaulia petals only K+, at a concentration of 1.7 mm, stimulated spermidine uptake and this fact may suggest a cotransport mechanism. High concentrations of KC1, known to depolarize the membrane, exerted an inhibitory effect on polyamine uptake (Fig. 5) . Thus, the negative internal membrane potential may be a driving force for spermidine uptake, while a pH gradient does not seem to be necessary unlike that observed for arginine uptake. The evidence presented here suggests that the uptake process is complex and may be dependent upon membrane potential, other unidentified factors and only partially on an energy-dependent mechanism.
